A new technique utilizing theoretical wave forms has been developed to determine precise shear wave travel times. This technique was applied to long-period World-Wide Standard Seismograph Network and Canadian network seismograms of five large nuclear explosions to obtain a surface focus shear wave data set containing about 100 travel times for distances greater than 30 ø. Very little scatter is present in the data from Novaya Zemlya and the Nevada test site, and so a reliable inversion to a lower mantle velocity structure is permitted. This velocity model, based on the 59 travel times from Novaya Zemlya, has significantly more structure than earlier models. The model, S1, has proved to be appropriate for free oscillations as well as for travel times. This model should be useful in studying both lateral inhomogeneities and the mineralogical composition of the earth's mantle.
INTRODUCTION
The shear velocity structure in the lower mantle is significantly less well determined than the compressional velocity structure in the same region. This uncertainty occurs primarily because the S wave is not the first arrival phase, and owing to P-SV coupling, the actual onset of the shear pulse is usually obscured by various precursor arrivals. A new technique has been devised with which it is possible to minimize greatly the errors in determining shear wave travel times and hence in accurately defining the shear velocity structure. This technique utilizes the theoretically determined wave form of the shear wave and its precursors to compute the true arrival time of the phase. Since explosions have a relatively simple source function, they are particularly appropriate for application of this method. In addition, the origin time, depth, and epicenter of large nuclear explosions are generally known to high accuracy, especially for the blasts in Nevada and the Aleutians. Even the Soviet blasts, for present purposes, have fairly well determined source parameters.
TECHNIQUE
Other investigators [Kogan, 1960; lbrahim and Nuttli, 1967; Nuttli, 1969] have previously used explosion data in attempting to improve shear wave travel times. Ibrahim and Nuttli employed two techniques, particle motion analysis and determination of the product of the vertical and horizontal components of motion, in order to eliminate the effects of compressional precursors. While these techniqqes represent an improvement over simple visual identification of arrival times, neither method is entirely satisfactory, since both rely on the initial portions of the wave form, which are generally distorted by the precursor arrivals, particularly by the Sp phase. The Sp phase is the major precursor to the shear wave and arises from SV-P conversion at the Mohorovicic discontinuity below the observing station. In addition, any departure from radial layering in the earth introduces further errors into these analysis methods. Our technique, described in more detail below, is not sensitive to such symmetry deviations, and since it relies more heavily on the later portions of the wave form, it is essentially insensitive to precursor contamination.
Following a suggestion by D. V. Helmberger (personal communication, 1973), synthetic seismograms ofpS, the dominant teleseismic shear energy from an explosion !a theoretically pure compressional source), were generated by using the source function proposed by Helmberger Once the source parameters for the five explosions have been determined, the S arrival times can readily be converted to absolute travel times. Table 1 The NTS data and the Novaya Zemlya data both show very low scatter, less than q-1.3 s. This is significantly less scatter than has previously been reported in S wave studies [Kogan, 1960; Hales and Roberts, 1970; Robinson and Kovach, 1971] . This low scatter is a result of the stability and accuracy of our technique. In addition, we believe that this low scatter indicates that shear wave station corrections, which were •not included in this study, are not as large or as important as earlier investigators have proposed [Doyle and Hales, 1967] .
The NTS data set is much smaller than the Novaya Zemlya data set and does not significantly extend the distance range covered by the latter. In addition, the NTS data comprise only a small range of azimuths and distances. For these reasons, it was not judged worthwhile to attempt to apply the necessary base line shift to the NTS data to make them compatible with the Novaya Zemlya data. Thus only the travel times from the two Soviet blasts were used to determine a velocity structure. It was still necessary, however, to determine accurate origin times for these explosions, since data from both events were combined. The Novaya Zemlya data also have the advantage of being a homogeneous data set from a nontectonic source region and with a wide range of azimuths and distances. This results in a more reliable average mantle sampling. determined by Helmberger and Engen [1974] for continental regions. Since our data represent ray paths through generally continental upper mantle regions, this model was expected to be most appropriate, and indeed, no base line shift was required in order to avoid any change in the Helmberger-Engen structure during the inversion. Since the ray paths involved had bottoming depths greater than 650 km, the upper mantle structure serves primarily as a base line adjustment (although it will affect bottoming depths slightly), and one is relatively free to select the most convenient realistic structure. Figure 3 (see also The shear wave travel time curve is similarly more complex. 
RESULTS

The resulting velocity model, S l, is shown in
